Exhaled nitric oxide (NO) is altered in numerous diseases including asthma, and is thought broadly to be a noninvasive marker of inflammation. However, the precise source of exhaled NO has yet to be identified, and the interpretation is further hampered by significant inter-subject variation. Using fully differentiated normal human bronchial epithelial (NHBE) cells, we sought to determine (1 ) the rate of NO release (flux, pl·s -1. cm -2 ) into the gas; (2 ) the effect of IL-13, a prominent mediator of allergic inflammation, on NO release; and (3 ) inter-subject/donor variability in NO release. NHBE cells from three different donors were cultured at an air-liquid interface and stimulated with different concentrations of IL-13 (0, 1, and 10 ng/ml) for 48 h. Gas phase NO concentrations in the headspace over the cells were measured using a chemiluminescence analyzer. The basal NO flux from the three donors (0.05 ؎ 0.03) is similar in magnitude to that estimated from exhaled NO concentrations, and was significantly increased by IL-13 in a donor-specific fashion. The increase in NO release was strongly correlated with inducible nitric oxide synthase (iNOS) gene and protein expression. There was a trend toward enhanced production of nitrate relative to nitrite as an end product of NO metabolism in IL-13-stimulated cells. NO release from airway epithelial cells can be directly measured. The rate of release in response to IL-13 is strongly dependent on the individual donor, but is primarily due to the expression of iNOS.
The concentration of nitric oxide (NO) in exhaled breath (Fe NO ) is widely recognized as a marker of inflammation in the lungs (1, 2) , and perhaps systemic sites (3, 4) , but there is significant variability within clinically similar groups (5) . It is elevated 3-to 4-fold in untreated asthma (6, 7) , providing the possibility of using exhaled NO as a noninvasive means of asthma diagnosis and management. However, the precise mechanism that leads to NO release into the gas of the lungs remains largely unknown, thus significantly handicapping our ability to interpret alterations in exhaled NO concentration.
The airway epithelium lies adjacent to the exhaled gas, and has been proposed to be a source of NO in the exhaled breath (8) (9) (10) ; however, no study has directly detected NO release into the gas phase from the airway epithelium, and determined the underlying source. Three known isoforms of nitric oxide synthase (NOS) produce NO. NOSI (neuronal) and NOSIII (endothelial) are constitutive forms expressed in numerous cells in the lungs. Mutations in the genes for NOSI and NOSIII have been corre-
CLINICAL RELEVANCE
The results from this study provide a direct in vitro link between inducible nitric oxide synthase expression in the human bronchial epithelium and nitric oxide gas phase release. The release is increased by IL-13, a prominent Th2 cytokine present in asthma lated with changes in the level of NO in the exhaled breath of individuals with asthma (11, 12) . NOSII (inducible) is induced by numerous mediators, has been detected in the airway epithelium (13) (14) (15) , and its expression has also been correlated with exhaled NO (8) .
IL-13 is a cytokine produced primarily from Th2 cells as part of the allergic response. It is elevated in bronchoalveolar lavage fluid of individuals with asthma, and thought to play a major role in the disease progression of atopic asthma. It has been shown to modulate TNF-␣-, IL-1␤-, and IFN-␥-induced inducible NOS (iNOS) gene expression and/or nitrite (an end product of NO metabolism) levels in cultures of undifferentiated human airway epithelial cells and an alveolar epithelial cell (A549) line (16) . Similar results have been found in cultures of nonpulmonary cells (17, 18) . Another study found that IL-13 had no effect on nitrite production by A549 cells (19) . None of these studies have examined the effect of IL-13 in isolation on mucociliary differentiated airway epithelium, nor on NO gas phase release.
We hypothesized that IL-13 would enhance iNOS expression and lead to an increase in NO release to the gas phase. Using mucociliary differentiated human bronchial epithelial cells cultured at an air-liquid interface, we demonstrate for the first time that (1 ) the airway epithelium releases NO to the gas phase at a rate equivalent to that predicted from whole organ models, (2 ) IL-13 upregulates gene and protein expression of iNOS in a dose-dependent fashion, (3 ) the increase in iNOS expression leads directly to an increase in NO release to the gas phase, (4 ) IL-13 enhances the production of nitrate relative to nitrite as a stable end-product of iNOS-derived NO, and (5 ) there is significant inter-subject variability in the rate of NO release to gas phase in response to IL-13. This study provides the first direct gas-phase measurement of NO from human bronchial epithelial cells, and a direct link between iNOS expression and NO release. In doing so, the results significantly enhance our understanding of the cellular-based mechanisms that control the level of NO in the exhaled breath.
MATERIALS AND METHODS

Cell Culture
Cryopreserved passage 1 normal human bronchial epithelial (NHBE) cells from three different donors (donor 1: specific lot number not known, donor 2: 4F1430, donor 3: 4F1624) were obtained from Cambrex (Walkersville, MD). Fully mucociliary differentiated monolayers were obtained by seeding passage 3 cells on Costar Transwell inserts as described previously (20) . See online supplement for details.
IL-13 Stimulation and Addition of NOS Inhibitors
Culture medium was changed 24 h before the start of the experiment. On the day of the experiment IL-13 was added to fresh culture medium to a final concentration of 0, 1, or 10 ng/ml. For the inhibitor studies an iNOS inhibitor N
10 M) was added to the culture medium 24 h later. The total duration of each experiment was 48 h.
Gas Phase NO Measurement
Twelve-well Transwell plates were fitted with modified lids and edges sealed with Parafilm M (Fisher, Waltham, MA) to form a gas-tight seal. Holes were drilled into the top surface of the lids; one of the holes was connected via a flowmeter (RMA-151; Dwyer Instruments, Michigan City, IN) to the inlet of a chemiluminescent nitric oxide analyzer (NOA 280; Ionics Instruments, Boulder, CO) ( Figure 1A ). The operation of the analyzer pump was used to sample air from either the headspace over the cells or the incubator at a constant flow rate of Q ϭ 40 ml/min and determine the NO concentrations. Four Transwells of a 12-well plate were used to obtain accurate gas phase NO signals. Real-time NO data from the NOA was stored on computer for further analysis. Real-time measurement of gas phase NO release by NHBEs (A ) Schematic of gas phase NO measurement apparatus. The lids of 12-well Transwell plates were modified to form a gas tight seal. The headspace of the Transwells containing epithelial monolayers was perfused with air at a constant flow rate. The effluent air was fed to an NO analyzer to measure NO concentrations. (B ) One representative measurement of the realtime response of NO analyzer shows a low background level in the incubator air. Switching the analyzer intake to effluent air from the headspace over the cells causes a sharp spike in the response that gradually decays to a plateau. Switching the intake back to the incubator air results in a low background NO reading. The raw analyzer response (solid gray line) is smoothed using a wavelet transform (dotted gray line). The steady-state NO concentration at the plateau is determined by fitting an exponential equation to 300 data points of the smoothed curve.
NO Flux Calculation
Ambient NO concentration in the incubator air was measured before and after each cell measurement. The real-time NO response from NHBEs consists of an initial spike followed by an exponential decay to a plateau value, C P ( Figure 1B ), representing the washout of accumulated NO from the headspace and the steady-state NO release into the gas phase. Steady-state NO concentrations were determined by fitting an exponential form to the smoothed transient response and the NO flux based on the surface area (A S ) of the Transwells was calculated as F ϭ QC P /(60A S ) (pl·s Ϫ1. cm Ϫ2 ). The accuracy of the fitting procedure was verified by comparing to steady-state values achieved by the realtime data in a fraction of measurements.
Cell Extract and Culture Medium Analysis
Total RNA and protein were extracted as previously described (21) and used for PCR and Western analysis (see online supplement for details). Culture medium was analyzed for nitrite (NO 2 -) and total nitrate (NO 2 -ϩ NO 3 -).
Statistics
Four Transwells were used for a single gas phase NO measurement, and culture medium from each Transwell was separately assayed for nitrite and nitrate. Data are presented as mean Ϯ SD with an n of at least 3 for gas phase and 6 for nitrate/nitrite measurements. Statistical significance was tested using a two-tailed, homoscedastic Student's t test in Microsoft Excel; P values Ͻ 0.05 were considered significant.
RESULTS
IL-13 Induces NO Release into the Gas Phase and Nitrate/ Nitrite Formation
NO concentration in the headspace over IL-13-treated (1, 10 ng/ml) and control (0 ng/ml) cells was measured at various times over the course of 48 h and the NO flux calculated (Figure 2A ) that remained fairly constant over the entire duration. IL-13 caused an increase in the NO flux that was first significant at 10 h (10 ng/ml) or 24 h (1 ng/ml) after IL-13 addition. The maximum flux observed at 24 h after addition (2.31 Ϯ 1.59 and 7.41 Ϯ 3.12 pl·cm -2.
s -1 for 1 and 10 ng/ml, respectively) was 40-to 100-fold greater than the control condition. Total nitrate content in the culture medium at 48 h after addition mirrored the trends of the gas phase flux ( Figure 2B ).
IL-13-Induced NO Release Is Mediated by iNOS
Initial experiments showed that IL-13-induced NO release was inhibited by a nonspecific NOS inhibitor N(G)-mono-methyl-Larginine (L-NMMA) and the presence of iNOS and nNOS, but not eNOS, mRNA in cell extracts. Therefore later experiments focused on elucidating the roles of the first two isoforms. NO release was first induced by IL-13 addition and iNOS-or nNOSspecific inhibitors added to the culture medium 24 h later. The iNOS inhibitor rapidly and effectively reduced the NO flux by more than 85% 1 h after addition ( Figure 3A ), while the nNOS inhibitor caused a more modest decrease ‫ف(‬ 30%). iNOSinhibited flux was significantly different at all time points from the uninhibited flux at 24 h (P Ͻ 0.01) as well as the nNOSinhibited flux (P Ͻ 0.05). However, nNOS-inhibited flux was not significantly different compared with the uninhibited flux at 24 h. PCR and Western blot analysis showed low basal levels of iNOS gene and protein expression that were strongly upregulated by IL-13 in a dose-dependent fashion ( Figures 3B and  3C ). nNOS gene expression was upregulated by IL-13 stimulation, but protein expression seemed to be independent of IL-13 dose ( Figures 3D and 3E ). s], respectively). However, cells exhibited varying degrees of sensitivity to IL-13 stimulation: at IL-13 concentrations of 1 and 10 ng/ml, peak NO flux (measured 24 h after IL-13 addition) from donors 1 and 3 was significantly higher than that from donor 2 ( Figure 4A ). Further, donor 3 produced significantly more NO than donor 1 at the 10 ng/ml concentration. These differences in the response to IL-13 were reflected at the iNOSgene and protein expression level ( Figures 4B and 4C ): the strongest upregulation was seen in donor 3, and the weakest in donor 2. To assess if IL-13 stimulation affects the ultimate fate of iNOS-derived NO, the relative amounts of nitrite (NO 2 -) and nitrate (NO 3 -), which are stable end products of NO metabolism, were determined in the culture medium and expressed as the fraction of NO 3 -in the total nitrate/nitrite (NO 2 -ϩ NO 3 -) content. Under basal conditions approximately equal amounts of NO 2 - and NO 3 -were formed in all three donors. However the relative amounts in IL-13-stimulated cells depend on donor sensitivity to IL-13: the fractional nitrate content increases with IL-13 concentration in donor 3, whereas in donor 1 it is significantly higher only at 10 ng/ml and in donor 2 the differences are not significant ( Figure 4D ).
DISCUSSION
Exhaled NO has many potential cellular sources within the respiratory tract (22) , but the airway epithelium is thought to be the primary source due to its proximity to the air space and its large surface area. The evidence for this hypothesis is primarily correlative and based on the expression of NOS isoforms in the epithelium (9, 13), detection of NO adducts and metabolites in airway lining fluid (23) , and the requirement of an airway as well as alveolar source to account for the dynamics of exhaled breath measurements (24) (25) (26) . The airway epithelium is also thought to be the source of increased levels of exhaled NO in asthma in response to cytokine-induced inflammation (8) . The Th2 cytokine IL-13 has been shown to play a central role in allergic asthma (27, 28) through its action on the airway epithelium (29) , but its effect on iNOS expression in the epithelium has not been studied. Our study demonstrates that NO is released into the gas phase from primary cultures of normal human bronchial epithelial cells. In addition, IL-13 increases the rate of NO release and enhances nitrate formation over nitrite, but the response is strongly dependent on the donor.
We used mucociliary differentiated cultures of normal human airway epithelial cells (NHBEs) to perform the experiments. Such cultures have been to shown to be morphologically and functionally similar to in vivo epithelium (20) and offer a useful alternative to technically and ethically difficult whole organ measurements, with the added advantage of being amenable to tight experimental control to isolate the effect of different experimental variables. Our results showed that unstimulated NHBE cultures released NO into the gas phase at a basal level of 0.05 Ϯ 0.03 pl·cm -2. s -1
. The steady-state NO production rate from the airways of healthy adults has been estimated at 500-2,000 pl·s s -1 . Given the relative simplicity of our cell culture system, this result is remarkably similar to the basal flux from the in vitro model, suggesting that the bronchial epithelium may account for the NO in the exhaled breath. Unstimulated NHBE cultures expressed iNOS and nNOS, but not eNOS, gene and protein ( Figures 3B, 3C , 4B, and 4C). These results are consistent with previous studies that have found iNOS and nNOS, but not eNOS, gene and/or protein expression in primary airway epithelial cells (13, 32, 33) .
We found that IL-13 stimulation of NHBEs results in a striking increase in the NO flux and the formation of nitrite and nitrate in the culture medium (Figure 2) , accompanied by an upregulation in iNOS and nNOS gene, and iNOS (but not nNOS) protein levels ( Figures 3B-3E) . Furthermore, the inhibitor to iNOS had a much more significant impact on NO release to gas phase. Although each of the inhibitors exhibits a higher specificity for one of the two isoforms, there is some overlap. For example, the IC50 (concentration which inhibits 50% of enzyme activity) for L-NA-DBA is ‫ف‬ 40 times smaller for nNOS (1.13 M) relative to iNOS (55 M), whereas the IC50 for L-NIL is 30 times smaller for iNOS (3.3 M) relative to nNOS (92 M). If one assumes the inhibition obeys a typical sigmoidal curve (y ϭ 1/(1 ϩ c 50 /c) (where y is the fractional inhibition, c is the inhibitor concentration, and c 50 is the IC50 value), the nNOS inhibitor at a concentration of 10 M would reduce nNOS activity by 90% and iNOS activity by ‫ف‬ 15% and the iNOS inhibitor at a concentration of 30 M would reduce iNOS activity by 90% and nNOS activity by 25%. In the presence of L-NA-DBA, IL-13-induced NO release from NHBE cells was reduced by ‫ف‬ 30%. This could be due to partial inhibition of the iNOS enzyme. Nonetheless, the data strongly implicate iNOS as the major source of IL-13-induced NO release.
Current literature suggests an inhibitory effect of IL-13 on Th1 cytokine-or lipopolysaccharide-induced iNOS expression (16) (17) (18) . IL-13 was found to have no effect on nitrite production in cultures of A549 cells (19) . However, it has been shown that gene expression and iNOS activity in response to IL-13 depends on both cell type (34, 35) and differentiation status (36) . Thus IL-13-induced upregulation of iNOS may be specific to mucociliary differentiated NHBEs. This result also suggests that the direct effects of IL-13 on the airway epithelium could be responsible for one of the central observable features in asthma-elevated levels of exhaled NO.
An unexpected result was the finding that IL-13 up-regulated nNOS gene, but not protein, expression (Figures 3D and 3E) . While nNOS has been traditionally considered a "constitutive" NOS isoform, its expression can be modulated by a number of factors, including cytokines (37) . The difference between nNOS gene and protein expression may be related to posttranscriptional control of protein synthesis or protein turnover rate (38) .
Exhaled NO measurements exhibit high levels of variability within groups of similar subjects (5, 12, 39) . These variations may be related to environmental factors such as smoking (40) as well as genetic variations (12, 41, 42) . In vitro NHBE cultures from different donors show significant variability in the number of goblet cells (43) . To assess donor variability in NO production, we tested cells from three different donors. One of the donors (donor 2) was a smoker, but none of the subjects had a history of asthma or other pulmonary diseases. While basal NO flux from unstimulated cells was not significantly different between donors, there were striking differences in NO flux and iNOS gene and protein expression in response to IL-13 stimulation. Although smoking can reduce exhaled NO levels (44), the insensitivity of donor 2 cells to IL-13 may simply reflect natural donor to donor variability in NO metabolism. These results suggest that subject-to-subject variability in macroscopic (exhaled breath) measurements may be recapitulated in vitro, and cell culture studies may be useful in determining the underlying mechanisms of such variations.
NO has multiple, opposing roles in asthma: on the one hand it can protect against bronchoconstriction, either alone or in another form such as S-nitrosoglutathione, while on the other 3 -content was close to 0.5 for all donors under basal conditions (0 ng/ml) and increased concomitant with the IL-13-induced upregulation in iNOS mRNA and protein (D ) (n ϭ 6, 13, or 14; * : P Ͻ 0.02 compared with 0 ng/ml, $: P Ͻ 0.0001 compared with 1 ng/ml).
hand it can have proinflammatory and cytotoxic effects (45) . These deleterious effects are mediated by reactive nitrogen species (RNS), the most abundant of which is peroxynitrite (ONOO -) formed by the reaction of NO with superoxide (O 2 -). The relative amounts of nitrite (NO 2 -) and nitrate (NO 3 -) in the culture medium provides an initial clue about the dominant intermediates in NO metabolism. While NO 2 -is the major product of NO oxidation in aqueous solutions (46) , NO 3 -is the predominant product of ONOO -decomposition (47). Our results indicate that approximately equal amounts of NO 2 -and NO 3 -are formed under basal conditions, but IL-13 stimulation enhances NO 3 -formation in a donor-dependent fashion that mirrors the donor variation in iNOS gene and protein expression ( Figure 4D ). This could be indicative of enhanced O 2 -, and hence ONOO -, formation. Increased O 2 -could result from IL-13-induced up-regulation of Duox1 and Duox2 (48), or L-arginine limitation (49) .
In summary, we have performed the first direct measurement of NO release into the gas phase from human bronchial epithelial (NHBE) cells. We found that unstimulated NHBEs produce and release NO at a low basal rate equal in magnitude to that observed in the exhaled breath of healthy subjects. IL-13 stimulation results in a significant increase in NO production due to iNOS induction, and also alters NO metabolism, resulting in an increase in the amount of nitrate relative to nitrite. Cells from different donors exhibit significantly different responses to IL-13 stimulation as measured by NO flux and iNOS gene and protein expression. We conclude that the bronchial epithelium is the likely source of NO in the exhaled breath, and increased levels observed in inflammatory diseases such as asthma are likely due to iNOS upregulation. Furthermore, this experimental system should prove useful in providing additional mechanistic insight into epithelial production and storage of NO.
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